Abstract Polymers for recovery/removal of the antimicrobial agent oxytetracycline (OTC) from aqueous media were developed with use of computational design and molecular imprinting. 2-Hydroxyethyl methacrylate, 2-acrylamide-2-methylpropane sulfonic acid (AMPS), and mixtures of the two were chosen according to their predicted affinity for OTC and evaluated as functional monomers in molecularly imprinted polymers and nonimprinted polymers. Two levels of AMPS were tested. After bulk polymerization, the polymers were crushed into particles (200-1000 μm). Pressurized liquid extraction was implemented for template removal with a low amount of methanol (less than 20 mL in each extraction) and a few extractions (12-18 for each polymer) in a short period (20 min per extraction). Particle size distribution, microporous structure, and capacity to rebind OTC from aqueous media were evaluated. Adsorption isotherms obtained from OTC solutions (30-110 mg L -1 ) revealed that the polymers prepared with AMPS had the highest affinity for OTC. The uptake capacity depended on the ionic strength as follows: purified water > saline solution (0.9 % NaCl) > seawater (3.5 % NaCl). Polymer particles containing AMPS as a functional monomer showed a remarkable ability to clean water contaminated with OTC. The usefulness of the stationary phase developed for molecularly imprinted solidphase extraction was also demonstrated.
Introduction
The widespread production and use of antibiotics for human and veterinary medicine has led to their frequent presence as pollutants of soils and surface water [1] [2] [3] [4] . Tetracyclines, a broad-spectrum antibiotic family effective against Grampositive and Gram-negative bacteria and some protozoa, are extensively applied for prophylaxis and treatment of infections in the livestock industry. After animals feed, the nonabsorbed dose directly enters the environment, whereas the fraction absorbed is metabolized and eliminated through urine [5, 6] . Degradation of tetracyclines in soil and water is very slow, and only strong oxidizing agents are able to efficiently degrade them [2, 7, 8] . The presence of tetracyclines in the environment causes sensitization problems and favors the increasing resistance shown by pathogenic microorganisms [3, 9] . Consequently, methods suitable for the removal of tetracyclines from the environment are in high demand [1] .
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Molecularly imprinted polymers (MIPs) already occupy an important position among solid phases used for selective capture/retention of analytes [10, 11] . Molecular imprinting technology aims to create tailored binding sites by synthesizing a polymer network in the presence of a target substance that acts as a template. Functional monomers with the best capacity for interaction with the functional groups of the template are selected for polymer preparation. Polymerization and cross-linking make the most favorable arrangement of the monomers around the template molecule permanent. Once the polymer network has formed, the template molecule must be removed to generate free binding sites. The binding site conformation and thus the capacity of the polymer to selectively recognize the target molecules depends on the nature of the monomers, the functional monomer-template stoichiometry, and the conditions in which the polymerization is performed [10] . A number of MIPs have been developed for the recovery of tetracyclines from different media, mainly for analytical purposes such as sample concentration (molecularly imprinted solid-phase extraction, MISPE) . The rational criteria were not applied for the selection of the MIP composition in these instances, and most traditional MISPE polymers still rely on the use of acrylic acid or methacrylic acid as functional monomers [10] . Molecular modeling approaches allow the identification of suitable functional monomers and adequate template-monomer stoichiometry and offer remarkable advantages [35, 36] . Analysis of the interactions between template molecules and functional monomers, under the polymerization conditions, provides information on efficient functional monomers that can form complexes with a given template (molecular modeling) and on the binding energies and stoichiometry of the complexes as well as the type of interaction (hydrogen bonding, self-association, π-π stacking, ionic interactions). This approach has been used successfully for the development of highly efficient MIPs for analytical applications [37] . Removal of the template after polymerization, without alteration of the inner structure of the MIP, is also a very important issue [38] . Although still barely used for this purpose, techniques that use pressurized solvents may provide higher yields in a shorter time and reduce the use of solvents as compared with conventional techniques such as Soxhlet extraction. In pressurized liquid extraction (PLE), extraction is done under elevated temperatures (50-200°C) and pressures (10-14 MPa), decreasing the viscosity and the surface tension of the solvent [39] , which in turn favors solvent penetration into the polymer networks. Relatively high temperatures (above the boiling temperature of the solvent) also facilitate analyte solubilization and attenuate analyte-network interactions. The use of high pressure facilitates the extraction of analytes trapped in pores. A complete extraction with PLE may be obtained with a low volume of solvent and in a short time (10-25 min) . These advantages can make this technique suitable for template removal from MIPs [38] [39] [40] [41] .
In the present work, polymers with high affinity for oxytetracycline (OTC) were designed by molecular modeling.
The optimal functional monomers were selected from a virtual library of 25 monomers (Fig. 1 ) often used in preparation of MIPs. MIPs and the corresponding nonimprinted polymers (NIPs) were prepared with various ratios of the chosen functional monomers. As another novel issue, a simple PLE procedure was implemented for template removal. Then, the microporous structure and OTC uptake capacity were characterized in detail. Adsorption isotherms at equilibrium in aqueous media of different salt concentration and performance as MISPE were evaluated. Conditions suitable for elution and recovery of the retained OTC were also investigated.
Materials and methods

Materials
Oxytetracycline hydrochloride (95 % or greater purity), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), and ethylene glycol dimethacrylate (EGDMA) were from SigmaAldrich (St Louis, Mo, USA), 1,1′-azobis(isobutyronitrile) was from Acros (Geel, Belgium), 2-hydroxyethyl methacrylate (HEMA) and hydrochloric acid were from Merck (Darmstadt, Germany), dimethyl sulfoxide (DMSO) was from Scharlau Chemicals (Barcelona, Spain), methanol (MeOH) of high-performance liquid chromatography gradient grade was from Prolabo (Barcelona, Spain), and sodium chloride was from Panreac (Barcelona, Spain). Purified water was obtained by reverse osmosis (Milli-Q®, Millipore).
Synthesis of molecularly imprinted polymers
The rational design of MIPs was done on a PC running the Linux operating system executing the software package SYBYL 7.3 (Tripos, St Louis, MO, USA). The design protocol involved three steps: (1) design of a functional monomer database; (2) design of a molecular model of template to be screened; and (3) screening by the LEAPFROG™ algorithm. The library designed for this project contained 25 commonly used functional monomers (Fig. 1) , which possess polymerizable residues and residues capable of interacting with a template through electrostatic and van der Waals forces. Preferred monomers are those that are able to interact with the template through noncovalent interactions and that are commercially available and could be polymerized by heating or photoinitiation. The charges for each atom of each monomer were calculated, and the structures of the monomers were refined by molecular mechanics methods. For all the monomers in the database, the energy was minimized individually to 0.001 kcal mol -1 [42] . For the second step, the structure of OTC was modeled in a manner similar to that for the monomers. The charges for each atom on the template were calculated, and the structures were refined by molecular mechanics methods. Energy minimization was performed to 0.001 kcal mol -1 (energy minimized with the dielectric constant of DMSO to obtain stable conformations), and the model was then used for the design of MIPs. The LEAPFROG™ algorithm (60,000 iterations) was applied to screen the library of functional monomers for their possible interactions with the template. The estimated interaction energies between OTC and the best candidate monomers included in the virtual library are shown in Table 1 .
Once the most adequate monomers had been identified, two series of polymers were prepared with the compositions shown in Table 2 . Appropriate amounts of the monomers were dissolved in DMSO under magnetic stirring. Separately, OTC amounts were weighed in vials and then aliquots of the monomer solution were added. Other aliquots without OTC were used to prepare the corresponding NIPs. The resultant solutions were placed in an ultrasound bath for 1 min to remove some oxygen [18, 22] , without damage to OTC. Polymerization was performed for 48 h at 50°C in an oven. The polymers obtained were crushed in a porcelain mortar and sieved to separate the 200-1000 μm particle size fraction.
Template removal
Polymer particles (0.8-1.9 g) were subjected to extraction with MeOH at high pressure and temperature in a PLE apparatus (ASE 150, Dionex, Thermo Scientific, Spain) under the following conditions: preheat 5 min; temperature 80°C; pressure 1500 psi (103.42 bar); extraction time 5 min; flush volume 80 %; number of static cycles 2; and solvent MeOH. Each sample underwent between 12 and 18 extractions, and each extract was separated and kept at 4°C protected from light. OTC concentration was quantified from absorbance measurements at 354 nm (8453 spectrophotometer, Agilent, Germany). Then each polymer sample was dispersed in 10 mL of 50:50 (v/v) MeOH-HCl (1 N) in Falcon tubes, under magnetic stirring, for 1 h. Centrifugation was applied and the supernatant was spectrophotometrically quantified at 354 nm. Then polymers were transferred to 10 mL of MeOH in Falcon tubes and similarly processed. Finally, polymers were subjected to two more extractions by PLE as described above. All the extracts were filtered through 0.2-μm nylon membranes, and the absorbance was measured at 354 nm. Finally, polymers were dried for 72 h at 70°C and for 12 h at room temperature in a vacuum desiccator. OTC removed from MIPs was quantified by means of a calibration curve (obtained with standard aqueous solutions) and subtraction of the absorbance recorded for the extracts of the NIPs resulting from unreacted monomers. The amount of OTC remaining in the polymers after the removal step was quantified as the difference between the total OTC added for synthesis and the total OTC removed.
Physical characterization of polymers
Optical microscopy
The particle size distribution was characterized with an Olympus SZ-CTV magnifying glass (Japan) connected to a DP12 digital microscope camera. Samples of each polymer were placed on Petri dishes under the magnifying glass. The magnification of the zoom lens was × 1.5. Images of 600 particles were treated with AnalySIS (Soft Imaging System, Münster, Germany). Feret maximum, Feret minimum, and Feret mean diameter data from each particle were measured, and the particle size (μm) distribution was analyzed.
Nitrogen adsorption porosimetry
Specific surface area, pore volume, and average pore diameter data of each polymer were obtained from N 2 adsorption isotherms at −196°C recorded in an ASAP 2000 apparatus (Micromeritics, Norcross, GA, USA) by application of Brunauer-Emmett-Teller theory and mathematical models as previously described [43] .
Oxytetracycline rebinding isotherms
Rebinding of OTC was tested in three different aqueous media: purified water, 0.9 % NaCl solution, and 3.5 % NaCl In all cases, 0.030 g of 1,1′-azobis(isobutyronitrile) and 3 mL of dimethyl sulfoxide were added EGDMA ethylene glycol dimethacrylate, HEMA 2-hydroxyethyl methacrylate, APMS 2-acrylamido-2-methylpropane sulfonic acid, OTC oxytetracycline solution. Polymer samples (10 mg) were dispersed in 10 mL of drug solutions (30, 50, 70, 90 , and 110 mg L -1 ) in 15-mL Falcon tubes under magnetic stirring. After 24 h, the tubes were centrifuged at 5000 rpm at 20°C for 10 min. The absorbance of the supernatant was measured at 354 nm to calculate the amount of remaining free OTC (mg mL -1 ). The amount of OTC adsorbed (mg g -1 ) was estimated as the difference between the initial and the final OTC concentration in the medium and referred to each polymer weight. The Freundlich model was fitted to the adsorption isotherms [44] .
Molecularly imprinted solid-phase extraction
Polymers prepared with the highest contents of functional monomers (series b in Table 2 ) were evaluated for their ability to retain and elute OTC under dynamic conditions. For this, 100 mg of each dried polymer was packed into 3-mL solidphase extraction (SPE) cartridges (Supelco, USA) with one frit at each end, and the conditioning was done with 2 mL of MeOH and 2 mL of purified water. An OTC solution (0.0171 mg mL -1 ; 40 mL) was passed through the cartridge in the sequence of 20 loads of 2 mL. Then the elution was done with MeOH (4 × 2 mL) and 50:50 (v/v) MeOH-HCl (0.1 M) (6 × 2 mL). Percolated material from both steps was collected in Eppendorf tubes, and the absorbance was measured at 354 nm (8453 spectrophotometer, Agilent, Germany).
Results and discussion
Synthesis of molecularly imprinted polymers
Tetracyclines are amphoteric compounds with three pK a values (3.57, 7.49, 9.44). Thus, OTC behaves as a zwitterion at pH between pK a1 and pK a2 [2] . We observed that this drug strongly inhibits UV-initiated polymerization. Moreover, it degrades at high temperature [45] , which limits the polymerization approach to quite mild conditions. On the other hand, for efficient removal from a contaminated aqueous medium, functional monomers that can strongly capture OTC from polar environments are required. The rational design protocol involved the screening of a functional monomer database (Fig. 1) by a LEAPFROG™ algorithm against a molecular model of the template (energy minimized with use of the dielectric constant of DMSO to obtain stable conformations). This step gives a very good indication of the best monomer(s) for polymer preparation in a given solvent. Monomers giving the highest binding energies are the best candidates for polymer preparation and for forming the strongest complexes with the template (Table 1 ). In our work the strongest binding energy was observed for a common cross-linking agent, N,Nmethylenebis(acrylamide). This indicates that the polymer networks cross-linked with this monomer would exhibit high affinity regardless of whether they were imprinted or not. AMPS, which ranked second in affinity, has the additional advantage that its sulfonic group remains ionized over a wide range of pH, even under acidic conditions (pK a~1 .0). Figure 2 shows the interaction between OTC and AMPS monomer. Ethylene glycol methacrylate phosphate and N-(2-(phenylamino)ethyl methacrylamide are not commercially available, and for this reason they were excluded from further work. Regarding other commercially available monomers that may lead to environmentally friendly networks, HEMA appeared to be a suitable candidate. HEMA may make the networks hydrophilic and thus facilitate water diffusion, which is required for the access of OTC molecules from the contaminated environment to the binding points in the network. Moreover, although with less binding energy than AMPS, HEMA can also interact with OTC. Neither acrylic acid nor methacrylic acid, commonly used in preparation of OTC-imprinted networks [12, , were ranked in the first ten positions.
Thus, NIPs and MIPs were prepared by combination of AMPS and HEMA, and with use of EGDMA as a crosslinker that showed very little nonspecific affinity for OTC. EGDMA seems to be an ideal cross-linker that allows the elucidation of the effect of the functional monomer and the molecular ratio on the rebinding of OTC and the imprinting effect. The drug and the monomers (at two molar ratios of template to functional monomer, 1:4.5 and 1:9; Table 2) were dissolved in DMSO, and the polymerization was done at 50°C for 48 h to minimize template degradation. Then the polymer blocks were crushed and sieved to produce 200-1000-μm particles. 
Template removal
The solvents used in a PLE technique can be the same as those normally used for standard liquid extraction techniques such as Soxhlet or sonication extraction [39] . We chose MeOH because of its polar character and the high solubility of OTC in this solvent. Temperature and pressure are critical variables in PLE performance. A pressure of 1500 psi (the pressure usually used in PLE is 1000-2000 psi; i.e., 69-138 bar) allowed us to work at 80°C (above the boiling point of MeOH under normal conditions) while still having the solvent as a liquid [39] . Both MIPs and NIPs were processed similarly to eliminate differences in OTC binding due to different processing conditions [38] . Fig. 3 . Release of unreacted monomers (as observed for NIPs) minimally interfered with OTC quantification at the wavelength chosen (Table 3) .
OTC was removed in a greater amount and more rapidly from series 2 MIPs (based on HEMA) than from series 4 MIPs (based on AMPS) and series 6 MIPs (based on AMPS and HEMA). For series 2 MIPs, OTC removal with MeOH as the solvent in the PLE was almost complete with only two extractions, which means that the OTC-polymer hydrophobic interaction and hydrogen bonding are easily broken with use of MeOH. With increase in the content of AMPS (which can establish ionic interactions with OTC), the removal became slower and more extractions were required. Assuming that 18.2 mg of OTC removed per gram of 2a-MIP is the total amount of drug incorporated in the polymer, PLE treatment of 4a-MIP and 6a-MIP allowed the removal of only 46.7 % and 41.2 % of the drug respectively. In the case of 2b-MIP, only 17.2 mg of OTC per gram was removed, whereas the total amount of drug removed through PLE from 4b-MIP and 6b-MIP was 28.7 % and 33.0 % respectively. These differences are related to the high affinity of the functional monomer for the drug; therefore, in polymer series a, containing a smaller amount of AMPS, removal of the template was easier than in polymers of series b.
To improve the extraction yield, all polymers were then submitted to an additional step of template removal in Falcon tubes with an MeOH-HCl mixture followed by pure MeOH, and then two more extractions with MeOH in the PLE equipment. This combination of solvents (particularly 1 N HCl) was expected to weaken the ionic interactions between the drug and the polymers prepared with AMPS monomer. These additional extractions were done in Falcon tubes because HCl cannot be used in the ASE 150 instrument. The additional amounts of OTC removed with this procedure are shown in Table 3 . Overall, nearly 60 % and 50 % of template was removed from MIPs of series a and series b respectively. This means that a relevant proportion of OTC remains in the MIPs containing AMPS even after this extraction process. Alternatively, OTC can be partially destroyed during polymerization, which might affect its detection by spectrophotometry. Permanent retention of the template is a quite relevant issue that is commonly undervalued or omitted in most reports on imprinted polymers [46] . As stated in most articles, the OTCMIPs underwent extraction until no more OTC was detected in the eluent, but we observed that this does not necessarily mean that OTC was completely removed. In fact, nearly 40 % of the OTC in 4-MIP and 6-MIP is either destroyed or remained permanently in the polymer. In essence, the true reason for the disappearance of OTC from the extract is not important as long as leaching of the template from the polymer in binding experiments cannot influence analytical data.
Physical characterization of polymers
The synthesized polymers had a particle size between 200 and 1000 μm (size distributions are shown in Figs. S1, S2). Nitrogen adsorption porosimetry revealed that the polymers had pores in the mesoporous range (diameter between 2 and Table 3 ). The molecular size of OTC (estimated with Chem3D, PerkinElmer, Waltham, MA, USA) is 1.32 m × 0.70 nm; therefore, the dimensions of the pores may allow easy penetration of OTC molecules in and out of the polymer network. Typical values for the surface area of the imprinted polymers are in the range from 100 to 500 m 2 g -1 [29, 47] . In general, polymers of series a had a specific surface area and pore volume larger than those of series b. Compared with NIPs, MIPs containing more AMPS had a lower surface area and pore volume, which can be related to closed pores in the imprinted polymers.
Oxytetracycline rebinding isotherms
OTC adsorption studies were performed in aqueous solutions with different ionic strength in an attempt to mimic the saline environments where this drug can be found: water (purified a NIPs signal is due to unreacted monomers.
b Mean values and in parenthesess standard deviations (n = 3) Fig. 4 OTC adsorption isotherms in purified water, 0.9 % NaCl, and 3.5 % NaCl: a series a polymers; b series b polymers water), 0.9 % NaCl solution (mimicking the ionic strength of biological fluids), and 3.5 % NaCl solution (resembling the salt concentration of seawater). The amount of OTC captured by each polymer in the three different media is shown in Fig. 4 . Polymers containing only HEMA as a functional monomer (series 1 and 2) showed low OTC adsorption ability. The binding increased with the increase of NaCl concentration in the aqueous media. This indicates that OTC interacts with the polymer mainly through hydrophobic forces that are favored by the salting-out effect and the screening of the charges of the drug molecules, avoiding repulsion phenomena. The NIPs and MIPs performed similarly, which supports this hypothesis.
Polymers containing AMPS solely (series 3 and 4) or combined with HEMA (series 5 and 6) trapped notably higher amounts of OTC, but mainly in media without salt. It is important to highlight that AMPS-bearing polymers (10 mg) dispersed in the OTC solution of the lowest concentration tested (30 mg L -1 ; 10 mL) were able to uptake the whole amount of the drug. This concentration is similar to that found at the discharge point of waste from antibiotic production plants and is well above the value recorded in inland waters contaminated with the drug (0.6 mg L -1 ) [9] . In nonsaline aqueous media (Fig. 4) , polymers did not reach saturation even when they were exposed to higher levels of OTC, capturing approximately 80 mg (approximately 170 μmol g -1 ) of the drug per gram. The whole content in AMPS was 226 μmol g -1 and 452 μmol g -1 in the case of polymers of series a and series b respectively, which suggests that the binding points are not saturated. Polymers containing AMPS demonstrated notably diminished OTC adsorption when the salt concentration increased (Fig. 4) . This is directly related to the mechanism of the ionic interaction of the drug with the functional monomer AMPS, which is affected by the presence of salts. Generally, no significant differences were observed between MIPs and NIPs, except that 3-NIP loaded more OTC than 4-MIP, probably due to the difficulty in removing template molecules from the polymer.
Previous articles on OTC-MIPs prepared with acrylic acid or methacrylic acid reported binding isotherms with saturation values in the 2-30 μmol g -1 range (i.e., 1-15 mg g -1 ) [14, 20, 24, 29, 30] , which are similar to or even lower than those obtained for the HEMA-based polymers developed (1a-NIP, 1b-NIP, 1a-MIP, and 1b-MIP) (Fig. 4) . Core-shell magnetic-methacrylic acid particles have been shown to take up 24 mg of tetracycline per gram from an aqueous medium [48] . Higher rebinding was observed for MIPs prepared in MeOH with a template to methacrylic acid molar ratio of 1:10 (which seems Table 4 Results from the fit of the isotherms shown in Fig. 4 [22] . So far, activated charcoal (of extremely high surface area) ranks first in the ability to adsorb OTC (more than 400 mg g -1 ) [49] , but the process is almost irreversible and therefore this material is not useful for analytical purposes. Thus, the polymers prepared from AMPS either solely or combined with HEMA (namely, the monomers identified by molecular modeling as the most suitable ones for OTC binding) appear to be advantageous compared with the systems investigated so far. Detrimental effects of the ionic strength of the aqueous medium on OTC adsorption have also been recorded for river sediments and soil components, which retained 0.5 × 10 -3 -0.8 × 10 -3 mg g -1 in the presence of 0.1 % NaCl [50] or 2 mg g -1 in 0.05 % NaCl aqueous solution [2] . Recently, MIPs for tetracycline prepared with a template to methacrylic acid molar ratio of 1:7 have shown a decrease in the rebinding uptake from 1.1 μmol g -1 in water to 0.9 μmol g -1 in 0.1 M NaCl (0.55 %), which confirmed the prevalence of ionic interactions especially at high drug concentration [32] .
To gain further insight into the effect of the nature of the monomers and the presence of the template during polymerization, adsorption isotherms were analyzed according to the Freundlich model [44] :
where B (μmol g -1 ) and F (μM) refer to the bound and free OTC concentration respectively, and m and a are adjustment parameters. The parameter a provides a measure of the number of binding points and the average affinity of the polymer. The parameter m is an index of heterogeneity of binding points: a value close to 1 means that all binding sites are similar from an energetic point of view, whereas a value close to 0 indicates heterogeneous binding points. Results from the fit to the Freundlich model (Table 4) indicated that in water the higher m values correspond to NIPs and MIPs prepared with HEMA, suggesting that this monomer provides homogeneous binding sites disregarding the effect of molecular imprinting. Polymers prepared with AMPS either solely or combined with HEMA led to notably lower m and higher a values, which confirms the creation of high-affinity binding points. As mentioned earlier, OTC may interact with the polymers through hydrophobic, hydrogen bonding, and electrostatic interactions. Since only one strong electrostatic interaction is expected to occur in the binding of each OTC molecule, the differences between MIPs and NIPs are minor. This finding is in good agreement with those of previous reports that indicate that the imprinting effect is more remarkable when the functional monomers interact with the template by means of weak multiple-point interactions [42] . Also for polymers prepared with AMPS and AMPS plus HEMA, the affinity for OTC diminished tenfold or 20-fold when the medium was changed from water to 0.9 % NaCl or 3.5 % NaCl aqueous solution, which once again confirms the prevalence of the electrostatic interactions in the binding. The opposite effect was observed for polymers containing HEMA, which seems to favor hydrophobic interactions with the template.
Molecularly imprinted solid-phase extraction
Since adsorption requires at least 24 h until equilibrium is reached, the next step was to evaluate the suitability of the synthesized polymers for cleaning of contaminated water under dynamic conditions and for sample concentration in MISPE mode [10] . To do that, an OTC solution (0.0171 mg mL -1 ; 40 mL) was passed through 3-mL SPE cartridges containing 100 mg polymer, in the sequence of 20 loads of 2 mL. Polymers with the highest content of the functional monomer were tested (series b in Table 2 ).
Polymers prepared with only HEMA, 1b-NIP and 2b-MIP, retained smaller amounts of OTC (Fig. 5 ) and, as a consequence, the OTC concentration in the percolated water remained mostly unaltered (Fig. 6) . In polymers containing only AMPS, 3b-NIP retained the highest amount of drug because of the strong electrostatic interactions with all available binding points, and allowed the retention of nearly 90 % of OTC in the aqueous medium that flowed through the SPE cartridges. For polymers containing both monomers, 6b-MIP retained high amounts of OTC because of the presence of imprinted cavities of the appropriate size to bind this drug and suitable chemical groups to establish with it ionic and hydrophobic interactions and hydrogen bonds (Fig. 5) . Polymers prepared with HEMA as the only functional monomer showed a progressive decrease in the binding of OTC after subsequent loads, whereas polymers prepared with AMPS or AMPS plus HEMA showed an almost constant binding capacity (within experimental error) along the 20 loads, in good agreement with the high saturation levels exhibited by these polymers under static conditions (Fig. 4) . The different performance of the polymers prepared with different functional monomers is reflected in the amount of OTC accumulated in the cartridges, which increased almost linearly for 3b-NIP, 4b-MIP, 5b-NIP, and 6b-MIP (Fig. 6) .
Recovery of OTC from the polymers was done first with MeOH and then with 50:50 (v/v) MeOH-HCl (0.1 M). In the case of 1b-NIP and 2b-MIP, 80 % of OTC was eluted with only three aliquots (2 mL) of MeOH (Fig. 7, plot a) , which is in good agreement with the hydrophobic (or hydrogen bonding) interactions that OTC can establish with HEMA-based polymers. In contrast, MeOH solely was not able to desorb OTC from polymers prepared with AMPS or AMPS plus HEMA, and a mixture of MeOH and HCl (0.1 M) was required ( Fig. 7, plots b and c) . It has previously been observed that tetracyclines are better recovered from MISPE phases (prepared with methacrylic acid as the functional monomer) with use of elution solvents in the pH range from 2 to 3 [20, 24] , probably because the protonation of OTC makes the drug more hydrophilic and the ions in the medium attenuate the ionic interactions. In our study more rapid and complete recovery of OTC was observed for 4-MIP and 6-MIP compared with the nonimprinted counterparts, proving their utility as a stationary phase in SPE. These differences can be explained by the complex nature of the interaction of OTC with imprinted sites that can be disrupted in an appropriate solvent.
Conclusion
Selection of functional monomers by molecular modeling allowed notable improvement in the performance of polymer networks aimed at removal of pollutants from a contaminated environment. HEMA, AMPS, and their mixture endowed polymer particles with a remarkably high affinity for OTC. Use of the drug as a template during polymerization did not significantly modify the total binding ability of the polymers (MIPs and NIPs behaved similarly), which can be attributed to (1) the high affinity of selected monomers for the template that cannot be further improved by molecular imprinting, and (2) the retention of an important amount of template in the MIPs even after several cycles of PLE. AMPS-based MIPs and NIPs were both able to completely remove OTC from water contaminated with OTC levels similar to those of industrial effluents. HEMA-based polymers are suitable for OTC recovery from a saline medium of high ionic strength, as hydrophobic interactions are strengthened by the salting-out effect. Regarding the performance under dynamic conditions (in the SPE cartridges), MIPs and NIPs showed similar ability to retain the drug, but elution from MIPs was easier, resulting in 100 % recovery after a few elution cycles. Overall, molecular modeling makes possible the identification of strong functional monomers and thus the preparation of polymers with high binding capacity even in the absence of template polymerization. NIPs have the advantages of faster cleaning and avoidance of risk of template bleeding during use. However, MIPs still appear to be advantageous regarding the rapidness of loading/elution because of the creation of specific cavities for hosting the drug that can be affected by a change of the solvent during elution of the template molecules.
